Toluene is one of several cosubstrates able to support the cometabolism of trichloroethylene (TCE) by soil microbial communities. Indigenous microbial populations in soil degraded TCE in the presence, but not the absence, of toluene after a 60-to 80-h lag period. Initial populations of toluene and TCE degraders ranged from 0.2 x I03 to 4 x 103 cells per g of soil and increased by more than 4 orders of magnitude after the addition of 20 ,ug of toluene and 1 ,ug of TCE per ml of soil solution. The numbers of TCE and toluene degraders and the percent removal of TCE increased with an increase in initial toluene concentration. As the initial TCE concentration was increased from 1 to 20 ,ug/ml, the numbers of toluene and TCE degraders and the rate of toluene degradation decreased, and no TCE degradation occurred. No toluene or TCE degradation occurred at a TCE concentration of 50 ,ug/ml.
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Trichloroethylene (TCE), an Environmental Protection
Agency priority pollutant, is widespread in the environment and relatively resistant to biodegradation in soil and the subsurface. Under aerobic conditions, TCE is usually cometabolized and thus requires the presence of a cosubstrate, such as methane, ammonia, or certain aromatic compounds (4) . TCE is readily degraded by indigenous soil microbial populations in the presence, but not the absence, of either toluene or phenol (6) . The concentrations of both TCE and its cosubstrate are important variables in biodegradation because of potential interactions between the two chemicals, including competitive inhibition (8, 11) and toxicity (1, 2, 18, 19) . Toxicity of TCE to the microorganisms involved in its degradation is viewed by some as a potential obstacle to in situ bioremediation of TCE (2, 10, 19) .
Microbial population density is an important determinant of biodegradation rate (14) . There is virtually no information on the population size of indigenous organisms in soil responsible for toluene-induced TCE degradation, let alone on the impact of toluene and TCE on microbial populations. Results of this study show (i) the relationship between biodegradation of toluene and TCE and growth of microbial populations responsible for their degradation in soil, and (ii) the effect of high concentrations of TCE and toluene on biodegradation and the population density of organisms able to degrade these chemicals. These objectives required the development of a mostprobable-number (MPN) method to quantify numbers of specific TCE-and toluene-degrading microorganisms in soil.
Chemicals and media. Reagent-grade TCE and toluene were purchased from Fisher Scientific (Fair Lawn, N.J. Bottles were incubated at 28°C in the dark.
Gas chromatography. Gas chromatography analysis was conducted by using a Shimadzu GC-14A chromatograph equipped with photoionization and electrolytic conductivity detectors. Separation was effected on a 30-m megabore Rtx 502.2 column (Restek, Bellefonte, Pa.). The injection temperature was 200°C. The column temperature was retained at 90°C for 6 min and increased by 40°C/min until it reached 150°C for 0.5 min. The carrier gas was ultrapure helium with a flow rate of 15 ml/min. The makeup gas was also helium with a flow rate of 30 ml/min. Analysis of TCE and toluene was performed by direct injection of a 50-[LI gas sample with a gastight syringe (Hamilton, Reno, Nev.). TCE had a retention time of 3.0 min and toluene was eluted at 4.0 min under these conditions. MPN method. In the experiments described above, when the toluene concentration fell below the detection limit, the sample bottle was opened and 10 g (dry weight) of soil was removed. The soil was diluted in mineral media at dilutions determined from preliminary studies. The dilution range for samples exposed to TCE and toluene was 10-5 to 10--"'. For the unexposed soil, the dilution range was 10-2 to 10'. A 1-ml inoculum (with varied cell density) was added to a 25-ml glass scintillation vial with an additional 9 ml of mineral media. After TCE and toluene were added to make solution concentrations of 1 and 40 ,ug/ml, respectively, all vials were capped with Mininert valves and incubated at 28°C in the dark. In addition, control vials were prepared with sterile medium in place of the soil dilution. After 28 days, disappearance of TCE and toluene from the headspace was detected by gas chromatography and visible turbidity indicating growth on toluene was recorded. A vial was assumed to be a positive indicator of biodegradation when more than 40 and 95% of the original input of TCE and toluene, respectively, had disappeared. There was perfect correspondence between the gas chromatograph measurement of the loss of toluene and the presence of turbidity. Therefore, only turbidity was used as a criterion for toluene degradation for certain experiments. A BASIC language computer program (3) was used to calculate the estimated population density and 95% confidence intervals for each treatment.
Growth of toluene degraders in soil. An experiment was conducted to simultaneously measure the increase in numbers of toluene degraders and the disappearance of 1 pg of TCE and 20 p.g of toluene per ml of soil solution in Yolo soil. Before exposure to TCE and toluene, the initial population density of microorganisms able to degrade toluene was 4 x 102 cells per g of soil (Fig. 1) . After addition of the chemicals, there was a lag period of 70 h. Then the population of toluene-degrading organisms grew to 7 x 10" cells per g at 80 h, at which point significant TCE and toluene degradation began, and the population reached a maximum of 108 cells per g of soil within 100 h. The population maintained itself at a level far exceeding the initial density for at least 400 h, at which time more than 106 cells per g were present. Enzyme induction may also have contributed to changes in MPNs, in which case the numbers would reflect the population of organisms adapted to, rather than grown up on, toluene after exposure to the chemical. An appreciable decrease in toluene concentration only after significant microbial growth had occurred is similar to the process of acclimation to p-nitrophenol (PNP) by aquatic microbial communities (15, 16, 20, 21) . Spain et al. (16) found that 0.2 p.g of PNP per ml was mineralized rapidly in a pond after a 6-day lag during which the number of bacteria capable of utilizing PNP increased by 3 orders of magnitude and reached a maximum level of 105 cells per ml. Wiggins et al. (21) found that the lag period for the biodegradation of 2 Rg of PNP per ml in lake water was as long as 8 days and that the disappearance of PNP was observed only after the number of PNP-utilizing organisms approached 105 cells per ml.
Effect of toluene concentration. The effect of high toluene concentrations on the biodegradation of 1 ,ug of TCE per ml of soil solution and of toluene was measured. There was no degradation of either toluene or TCE in the sterile control, and no TCE degradation occurred in the absence of toluene (data not shown). The lag period (defined as <10% removal) for degradation of TCE and toluene increased with increasing amounts of toluene (Fig. 2 ) and more than doubled as the toluene concentration increased from 20 to 625 ,ug/ml of soil solution. The maximum rate of toluene degradation for initial concentrations of 20, 100, 250, and 625 jig of toluene per ml were 0.3, 0.7, 1.2, and 1.1 pug/ml/h, respectively. The rate appeared to have approached saturation by 250 ,ug/ml of soil solution. At 1,000 ,ug of toluene per ml, however, neither TCE nor toluene was degraded.
The rate of TCE degradation decreased but the extent of TCE degradation increased with larger initial toluene concentrations (Fig. 2) . For example, approximately 50% of TCE was degraded with an initial concentration of 20 ,ug of toluene per ml, which is consistent with other results at the same concentrations in Yolo soil (5, 6) . More than 80% of TCE was removed with 100 ,ug of toluene per ml of soil solution, and 100% of TCE was removed with 250 and 625 ,ug of toluene per ml. The rate of removal at 250 ,ug of toluene per ml of soil solution was 0.004 g of TCE per g of toluene utilized, and this result was similar to a report by Hopkins et al. (11) for removal efficiencies of TCE in a groundwater aquifer when phenol was added at a ratio of approximately 300:1 (phenol to TCE). At all initial concentrations except 1,000 ,ug/ml, TCE continued to degrade even after toluene was not detectable.
Specific microbial populations able to degrade TCE and toluene were quantified immediately after toluene degradation ceased in the experiment described above. The number of toluene degraders did not vary substantially with initial toluene concentration at the lower concentrations (Table 1) , with the population density ranging from 1 x i07 to 5 x i07 cells per g of soil at concentrations of .250 ,.g/ml of soil solution.
However, at an initial concentration of 625 ,ug of toluene per ml of soil solution, the toluene degrader population density decreased slightly, to 3.5 x 106 cells per g of soil. At all initial toluene concentrations, the population density of TCE degrad- ers was identical to that of the toluene degraders, suggesting that all organisms able to degrade toluene had the capability to degrade TCE. At 1,000 ,ug of toluene per ml of soil solution, which showed no biodegradation of either toluene or TCE, no organisms able to degrade either toluene or TCE could be detected.
A second experiment quantifying numbers of organisms able to degrade toluene and TCE confirmed the trends demonstrated in Table 1 . This time, the initial population densities of toluene and TCE de raders were slightly higher than before, at The possibility that TCE is toxic to the microorganisms that degrade TCE is considered a serious problem in bioremediation and may help explain the absence of TCE removal at high TCE concentrations in this study. Both acute and chronic toxicities of TCE have been observed in different groups of microorganisms, which is similar to the observation of two types of toxicity reported by Wackett and Gibson (18) for Pseudomonas putida Fl. Acute toxicity is observed as the inability to degrade TCE and/or its cosubstrate on first exposure to TCE. Chronic toxicity is observed as a decline in the degradation rate resulting from degradation of TCE, presumably due to product toxicity (12, 19) . Toxicity to pure and mixed cultures of methanotrophs has been reported at TCE concentrations ranging from 9 to 35 ,ug/ml (2, 9, 12, 13, 17), with one report of toxicity to a mixed culture at 150 to 300 p.g of TCE per ml (7) . Toxicity of TCE to pure cultures of P. putida and Pseudomonas mendocina has been reported at 16 and 42 ,ug of TCE per ml, respectively (18, 22 (12) .
Enzyme inhibition such as competitive inhibition also must be considered when the lower efficiency of TCE removal at lower toluene concentrations and the absence of removal at high TCE concentrations are examined. Our study showed no TCE degradation at an initial concentration of 20 [Lg of TCE per ml of soil solution in the presence of 20 ,ug of toluene per ml. Toluene degradation, however, did occur, but at a lower rate at 20 than at 1 jig of TCE per ml. Folsom et al. (8) reported the apparent competitive inhibition of phenol degradation in pure cultures of Pseudomonas cepacia G4 when concentrations of phenol and TCE were equivalent to one another. Hopkins et al. (11) found evidence of competitive inhibition in the response of low concentrations of TCE (approximately 40 jig/liter) in a groundwater aquifer to pulses of phenol injected at a concentration of 12.4 mg/liter.
Effect on heterotrophic populations. The number of CFUs of viable heterotrophic bacteria on 0.1 strength tryptic soy agar plates increased significantly (at P = 0.05) from 6.4 x 107 cells per g in unexposed soil to 2.7 x 108 cells per g in soil amended with 20 or 100 jig of toluene and 1 jig of TCE per ml of soil solution. The higher densities observed with toluene were maintained for up to 260 h (data not shown). Therefore, increases in the number of toluene degraders may be significant enough to affect the total population density, or metabolic products produced during toluene metabolism may enhance the general population. After 2,280 h of incubation, the total population decreased significantly at both toluene concentrations, whereas it did not decline much in the absence of toluene.
The addition of 1 jig of TCE per ml of soil solution in the absence of toluene did not alter the baseline population level. Also, heterotrophic populations in soil amended with 20 jig of toluene and different concentrations of TCE were the same, 2.7 x 108 cells per g, regardless of the TCE concentration. The lack of an apparent adverse effect of high TCE concentrations on numbers of viable heterotrophs is compatible with Wackett and Householder's (19) observation that TCE, at least at the concentrations they tested, is toxic only to the microorganisms involved in its metabolism.
